Evaporation mitigation has the potential to significantly improve water use efficiency, with repeat applications of artificial monolayer formulations the most cost-effective strategy for large water storages. Field investigations of the impact of artificial monolayers on water quality have been limited by wind and wave turbulence, and beaching. Two suspended covers differing in permeability to wind and light were used to attenuate wind turbulence, to favour the maintenance of a condensed monolayer at the air/water interface of a 10 m diameter tank. An octadecanol formulation was applied twice-weekly to one of two covered tanks, while a third clean water tank remained uncovered for the 14-week duration of the trial. Microlayer and subsurface water samples were extracted once a week to distinguish impacts associated with the installation of covers, from the impact of prolonged monolayer application. The monolayer was selectively toxic to some phytoplankton, but the toxicity of hydrocarbons leaching from a replacement liner had a greater impact. Monolayer application did not increase water temperature, humified dissolved organic matter, or the biochemical oxygen demand, and did not reduce dissolved oxygen. The impact of an octadecanol monolayer on water quality and the microlayer may not be as detrimental as previously considered.
INTRODUCTION
The application of organic compounds to form a monomolecular surface film at the air-water interface (an artificial monolayer; Barnes ) , is the only cost-effective strategy for retarding evaporative loss from large (>5 ha) water storages. Open irrigation and/or potable water storages are also key reservoirs of aquatic biodiversity (Markwell & Fellows ) , and repeat monolayer application may adversely affect water quality and ecology (McJannet et al. ) . The habitat most immediately affected by the presence of a monolayer is the air-water interface (the microlayer; Norkrans ).
The carbon chain length of monolayer molecules is above the cut-off point for shorter chain length, primary alcohols which kill aquatic invertebrates (C 12 ; Mohr et al. ) . Long carbon chain molecules (e.g. C 16 hexadecanol and C 18 octadecanol) must pack together with sufficient regularity to increase the resistance to molecular transfer across the air-water interface (a condensed monolayer; Barnes ). The increase in surface pressure induced by a condensed monolayer may adversely affect aquatic invertebrates (Wiltzius ) , and retarding evaporative loss may increase water temperature by up to 4 W C
(McJannet et al. ).
Maintaining a condensed monolayer for days to weeks may also adversely affect the diversity of phytoplankton, by enhancing populations of bacteria capable of metabolizing monolayer molecules. In field studies, potentially toxic blue-green algae (cyanobacteria) do not appear to utilize fatty alcohol monolayer compounds directly, but the calming and water-warming effects of a condensed monolayer may favour the growth and survival of these species (McJannet et al. ) .
Studies on the impact of artificial monolayers on water quality have been limited by wind and wave action disrupting monolayer integrity (Wiltzius ) . In our study, turbulence was attenuated by suspending physical covers differing in permeability to wind and light over two 10 m diameter tanks, with a third control tank remaining uncovered. Phytoplankton populations were standardized at the start of the trial by inoculating tap water with a water column sample taken from an irrigation storage in the region experiencing cyanobacterial blooms. Microlayer and subsurface water was sampled weekly to document how monolayer application affected water quality.
METHODS
Trial site, tank preparation and cover description An integrated phytoplankton hose (clear plastic, 30 mm diameter) was used to sample the water column of an irrigation storage within the region, to a depth of 1.1 m. Six water column samples were combined, and 0.7 L was used to inoculate the water in the three tanks. The predominant phytoplankton in the inoculant on the day of sampling were the cyanobacterial species Anabaena cf. circinalis and Microcystis aeruginosa, the Pyrrhophyte Trachelomonas sp., and the Cryptophytes Cryptomonas sp. and Rhodomonas sp.. Aulacoseira italica was the most dominant Bacillariophyte, with Closteriopsis sp. the most dominant Chlorophyte. The tanks remained uncovered for 4 weeks before the black covers were installed on two tanks.
Cover and tank water management, and micrometeorological data collection
The double layer, black polyethylene fabric was permeable to rain, but almost impermeable to solar radiation and wind (Martinez-Alvarez et al. ). After 5 weeks the black covers were replaced with a single layer, knitted, white polyethylene fabric (Premium Hortshade, manufactured by Gale Pacific). The black cover was re-installed on one tank after a further 4 weeks, with the white cover remaining in place on the second covered tank. The third tank remained uncovered for the duration of the study.
Submerged pressure transducers (PMP4030, Druck) connected to a datalogger (GPL-80T, Kamel) recorded hourly changes in water depth in all three tanks. The water level was topped up to 0.7 m with municipal potable water at the start of each cover trial, and lowered to 0.7 m after heavy rain using siphon hoses attached at depth to the central polyethylene support frame. A weather station (Weathermaster 2000, Environdata) monitored rainfall, air temperature (T a ), and wind speed. Under the covers, air (T a,c ; HMP45C probe, Vaisala) and water temperature was monitored. Copper-constantan thermocouples were fixed to a float or to the central frame 0.6, 0.5, 0.3 and 0.1 m from the base of each tank. All sensors were scanned at 10 s intervals, averaged hourly and recorded on a data logger (CR3000, Campbell Scientific) and multiplexer (AM16/32, Campbell Scientific).
Monolayer application and detection
A monolayer emulsion of 1-octadecanol (C 18 OH) and Brij 78 (polyoxyethylene (20) stearyl ether) was applied twice-weekly to the second covered tank at a rate of 0.28 mL m
À2
. The formation of a condensed monolayer was confirmed by calculating the difference between the temperature of the water surface and the immediate subsurface for the clean water and the monolayer-applied covered tanks (Pittaway et al. in press) . Hourly water temperature data at the surface and down the water profile under the covers, for three consecutive days with no or light rain and wind speed predominantly less than 12 km h À1 , were selected to investigate the impact of repeat monolayer application on water temperature.
Water quality data collection
Subsurface water was sampled once a week by applying suction to a tube (clear polyvinyl chloride (PVC), 12 mm diameter) attached to the central support frame 0.4 m above the base of each tank. The PVC tube was encased in an opaque, corrugated laundry hose (25 mm diameter) to minimize internal attached algal growth. A valve kept the tube full of water between sampling events. A sampling head attached to an encased PVC tube, supported by a float at the water surface was used for weekly microlayer sampling. A positive-displacement air/water vacuum pump (Flojet 12 volt 7 Amps, flow rate 6.4 L min À1 ) extracted water samples by pumping through a sealed 5 L glass collection vessel. The water in the tube at the time of sampling was withdrawn and replaced in the tank, prior to collecting microlayer and subsurface samples. Water samples in 500 mL glass bottles were equilibrated in the dark for a minimum of 15 minutes before a data logger (TPS 90 FL, TPS Pty Ltd, Springwood, Queensland, Australia) was used to measure dissolved oxygen, pH, conductivity and temperature.
At the start and end of each cover trial glass fibre filtered water samples (Whatman GF 0.6 μm) were placed in a spectrophotometer (Cecil CE2021) set at 253.7 nm to measure humified, dissolved organic matter (DOM; Weishaar et al. ) . The population of phenol degraders (bacteria most likely to utilize long-chain organic compounds) was estimated by the Most Probable Number method (Pittaway & van den Ancker ). The enrichment factor was calculated by dividing the microlayer value by the subsurface water value (Estep et al. ) . A commercial laboratory analyzed microlayer samples for the biochemical oxygen demand (BOD) and chlorophyll a (APHA/AWWA/WEF ). Subsurface water samples preserved in Lugol's solution were analyzed by the commercial laboratory for predominant phytoplankton genera (cell counts mL
À1
). Species richness was estimated as the number of different species identified in each water sample.
Statistical analysis
A one way analysis of variance (ANOVA) or Wilcoxon's signed-rank test (SigmaPlot 12) were used to assess the impact of monolayer application on weekly data for water temperature, pH, conductivity and dissolved oxygen (DO) for water sampled from the two covered tanks. Microlayer and subsurface data for the black and white cover trials were analysed separately. Wilcoxon's signed rank test or Tukey's pairwise comparison of the means was used to analyze averaged hourly temperature data for the three consecutive days when the presence of a condensed monolayer was confirmed under the black and white covers.
RESULTS

Impact of a condensed monolayer on water temperature
The black fabric heated the air beneath the covers to 60 W C.
Overnight the warm, still air trapped beneath the covers maintained a predominantly downward heat flux (T a,c > T w,0.5c ), inducing a thermal gradient in the water (Figure 1(a) ). The reflectance of the white fabric reduced the temperature under the covers to 35 W C. The greater wind penetration increased wave turbulence, inducing isothermal water temperatures. Under the white fabric the heat flux was both upward (T a,c > T w,0.5c ), and downward (T a,c < T w,0.5c ). The difference in hourly water temperature profiles confirmed the formation of a condensed monolayer under the black and white covers (Pittaway et al. in press) , at least for the three consecutive calm days selected for analysis. Under both covers, monolayer application reduced the median hourly temperature of the water surface (Table 1) . At depth under the black fabric monolayer application increased water temperature, whereas under the white fabric monolayer application reduced water temperature. There was no difference in weekly temperature data for microlayer (one way ANOVA P ¼ 0.855, n ¼ 15) and subsurface (one way ANOVA P ¼ 0.842, n ¼ 15) water sampled from the monolayer-applied and clean water covered tanks. These results contradict most field and theoretical studies, where monolayer application increased water temperature (e.g. McJannet et al. ).
Impact of a condensed monolayer on water quality
The study was conducted during a prolonged drought. The lower conductivity evident in the covered, clean water tank (Figure 1(b) ) reflected the higher proportion of bore water mixed with reservoir water in the municipal supply over the days required to fill the first covered, clean water tank. Over subsequent weeks, less bore water was required to meet municipal demand, reducing the conductivity of water used to fill the covered, monolayer-applied and uncovered, clean water tanks.
Installing the black covers reduced the DO concentration (means of 7.6 mg L À1 and 9.1 mg L À1 for covered and open clean water tanks, respectively; Figure 1 (c)), and decreased pH (average of 8.2 pH and 9.0 pH units respectively; Figure 1(d) ). In the absence of turbulence, the concentration of carbonic acid increases, acidifying the water (Taguchi & Fujiwara ) . Replacing the black covers with the white covers rapidly re-oxygenated the water, restoring the pH (Figure 1(d) ). Over the 14-week duration of the trial, monolayer application had no significant impact on dissolved oxygen in microlayer (ANOVA P ¼ 0.779, n ¼ 15) or subsurface (ANOVA on ranks P ¼ 0.534, n ¼ 15) water samples, or on pH (microlayer ANOVA P ¼ 0.958, n ¼ 15, subsurface ANOVA on ranks P ¼ 0.34, n ¼ 15), or on dissolved oxygen concentrations (microlayer ANOVA P ¼ 0.779, n ¼ 15, subsurface ANOVA on ranks P ¼ 0.534, n ¼ 15). Monolayer application did not increase the population of phenol-degrading bacteria in microlayer or in subsurface water samples (Figures 2(a) and 2(f)), and did not affect the BOD (Figure 2(c) ). The increase in BOD in water sampled from the clean water, uncovered tank indicates airborne particles had a greater impact on water quality than twice-weekly monolayer application. Monolayer application did not enrich the concentration of humified DOM in the microlayer over the duration of the trial (UV 253.7 absorbance in Table 2 ).
The only consistent increase in UV absorbance was in the clean water, uncovered tank (Figures 2(b) and 2(f) ).
Impact of a condensed monolayer on phytoplankton
Phenol-degrading bacterial populations were low at the start of the trial in both covered tanks, but were initially very high in microlayer and subsurface water sampled from the clean water, uncovered tank (Figures 2(a) and 2(e) ). Species richness in the uncovered, clean water tank was very low at the start of the black cover trial (Table 2) , with cyanobacterial populations most affected and chlorophyte populations least affected (Figures 2(g) and 2(h) ). The activity of phenol-degrading bacteria in microlayer and subsurface water samples was highest in the uncovered, clean water tank (Figures 2(a) and 2(e)), suggesting polyphenols diffusing from the new liner in the uncovered tank may have been selectively toxic to phytoplankton populations. A leak in the liner of the uncovered Figure 1 | Weekly microlayer and subsurface water quality readings for the clean water (T1) and monolayer-applied (T2) covered tanks. Vertical lines indicate when the covers were installed. The dot-dashed line indicates when the white cover on the clean water tank (T1) was replaced with a black cover. The dotted line is when all covers were removed (none).
tank at the start of the trial required the installation of a new HDPE liner. All three tanks were then inoculated with the algal water column sample, and the black covers were installed 4 weeks later.
Water stratification and light reduction under the black covers reduced chlorophyte and bacillariophyte populations in the clean water and monolayer-applied covered tanks, with cyanobacterial populations the least affected (Figures 2(f) and 2(g), respectively). Contrary to expectations (McJannet et al. ) , monolayer application reduced cyanobacterial populations over the duration of the cover trial (Figure 2 (h)), with no apparent impact on chlorophyte (Figure 2(g) ), pyrrhophyte or bacillariophyte populations.
DISCUSSION
Over the 14-week duration of the trial, repeat monolayer application did not incrementally increase water temperature. The 'dual property' of a condensed monolayer resisting heat gain under a downward convective heat flux and resisting heat loss under an upward heat flux (Gladyshev ), may explain the apparent contradiction of monolayer application increasing median hourly water temperature at depth under the black fabric, but reducing water temperature under the white fabric (Table 1; Pittaway et al. in press) . Aquatic bacteria readily degrade fatty alcohol monolayer compounds (Barnes ), but monolayer application did not increase UV absorbance, the BOD or the population of phenol-degrading bacteria in microlayer samples (Figure 2 ). The very small amount of compound required to produce a condensed monolayer (Barnes ) may have minimized the potential for the octadecanol formulation to adversely affect microlayer ecology. The total amount of monolayer applied over the 14-week duration of the trial was less than 30 mg. Polyphenols diffusing from the replacement heatwelded, HDPE liner (Paabo & Levin ) may have adversely affected some phytoplankton (Table 2 and Figures 2(a), 2(e) and 2(h)). Cyanobacteria are sensitive to some polyphenols, at concentrations which have no adverse impact on chlorophytes (Gross & Sutfeld ) . Repeat applications of the C 18 OH monolayer may also be selectively toxic to cyanobacterial species (Figure 2(h) ). Fatty acids with carbon chain lengths of C 18 have been reported to adversely affect membrane function in some chlorophyte and cyanobacterial species (Wu et al. ) .
CONCLUSIONS
Repeat applications of an octadecanol monolayer for 14 weeks did not appear to adversely affect water quality or phytoplankton species richness. The dual properties of a condensed monolayer in resisting heat gain and heat loss in the microlayer may explain why no incremental increase in water temperature at the surface or at depth was recorded over the 14-week duration of the trial. Our results suggest that repeat applications of the C 18 OH fatty alcohol monolayer to the microlayer of water storages may not be as detrimental as some ecologists fear. A subsurface sample value of zero. B/W is when a black cover was replaced on the covered, clean water tank, leaving the white cover on the monolayer-applied tank.
